ship with conventional transient sodium current remain to be explored. STN neurons with their own firing patterns, we found that pacemaking is driven by two kinds of subthreshWe have developed a preparation of acutely dissociated STN neurons that allows direct recording of individold sodium current: a steady-state "persistent" sodium current and a dynamic "resurgent" sodium ual ionic currents during the pacemaking cycle. We find that in addition to persistent sodium current, STN neucurrent, which promotes rapid firing by flowing immediately after a spike. These currents are strongly regurons possess a dynamic "resurgent" sodium current, previously described in cerebellar Purkinje neurons (Ralated by a process of slow inactivation that is active at physiological firing frequencies. cal properties, including spontaneous rhythmic firing The best-known mechanism of pacemaking of excitand narrow action potentials, but were more robust for able cells involves dynamic activation of the hyperpolarlong-lasting recordings. Virtually all dissociated STN ization-activated current I h during the interval between neurons were spontaneously active in a highly regular manner, firing at 25 Ϯ 10 Hz (n ϭ 49). This was faster than spontaneous firing of cells in brain slices at the
same temperature of 23ЊC, studied with blockers of fast synaptic transmission (10 Ϯ 8 Hz, n ϭ 16). Pacemaking is evidently driven by currents originating in the soma, since many dissociated cells had no obvious dendritic or axonal remnants. The slower pacemaking of intact cells is expected if dendrites act as a resistive and capacitative load, and input resistance was higher for dissociated cells (1356 Ϯ 443 M⍀, n ϭ 19) than for intact cells in brain slice with synaptic blockers present (187 Ϯ 55 M⍀, n ϭ 8).
When tonic firing was stopped by hyperpolarization to between Ϫ80mV to Ϫ90mV, some dissociated neurons (12/49) produced intermittent spontaneous bursting ( Figure 1C ), a behavior also seen in a similar fraction (4/16) of STN neurons in brain slices. Many dissociated neurons produced rebound bursts following hyperpolarization, and some had plateau potentials with overriding spikes that outlasted a pulse of depolarizing current, as in brain slices (Nakanishi et 
Pacemaking and Subthreshold Sodium Current
To examine what ionic currents are involved in generating the spontaneous depolarization between spikes, we recorded a cell's own spontaneous spike train, replayed it to that cell as a command in voltage clamp, then used ionic substitutions and blockers to isolate individual currents flowing during pacemaking (Figure 2A ). Resolution was improved by signal averaging the currents over multiple pacemaking cycles.
We focused on three likely candidates for driving pacemaking: I h , calcium current, and voltage-dependent sodium current. We targeted I h with 3 mM external Cs ϩ (Pape, 1996; Beurrier et al., 2000). The current blocked by 3 mM Cs ϩ was consistently either zero or slightly outward in the interspike interval between Ϫ70mV and Ϫ50mV (five of five cells; Figures 2B and 2C ), suggesting that little or no I h flows during the spontaneous depolarization between spikes. There was an outward Cs ϩ -sensitive current during the falling phase of the spikes, probably reflecting a weak block of potassium channels.
Total calcium current was isolated by isomolar substitution of Co 2ϩ for Ca
2ϩ
, with TEA present in both solutions at high concentration (160 mM, replacing sodium) to block Ca 2ϩ -activated potassium current. A large calcium current was present during the spike, as expected TTX-sensitive current also flowed at all times during the interspike interval, even at the most hyperpolarized voltage following spikes (15 of 15 cells, Figure 2B ). The average interspike sodium current was Ϫ6.8 Ϯ 3.8 pA at Ϫ70mV, Ϫ14.2 Ϯ 7.3 pA at Ϫ60mV, and Ϫ56.2 Ϯ 32.7 pA at Ϫ50mV (n ϭ 15, Figure 2C ). The sodium current flowing during the early interspike interval was nearly equal to net ionic current, calculated from C m dV/dt (Hodgkin and Huxley, 1952), being Ϫ6.8 Ϯ 3.8 pA and Ϫ7.1 Ϯ 9.8 pA at Ϫ70mV, respectively, and Ϫ7.4 Ϯ 3.8 pA and Ϫ7.7 Ϯ 7.4 pA at Ϫ64mV. Thus, TTX-sensitive current is sufficient to account for the spontaneous depolarization during the early interspike interval. Later in the interspike interval, TTX-sensitive sodium current was larger than net ionic current. TTX-sensitive current and net ionic currents were Ϫ10.6 Ϯ 6.0 pA and Ϫ8.1 Ϯ 6.4 pA at Ϫ62mV, and Ϫ23.6 Ϯ 15 pA and Ϫ12.3 Ϯ 9.9 pA at Ϫ56mV (n ϭ 15). This divergence suggests activation of substantial subthreshold potassium currents.
In current-clamp experiments using dissociated cells (data not shown), spontaneous firing continued (eight of eight cells) when I h was blocked by 3 mM external Cs ϩ . Firing frequency generally slowed with an application of Cs Thus, when there were effects of Cs ϩ or ZD7288, they Individual spikes in a 2 s segment of firing were aligned at their were due to depolarization rather than hyperpolarization peaks, then spikes and their currents were averaged over multiple and probably reflect small effects of both blockers on 
Characterization of Subthreshold Sodium Current
These results are consistent with previous proposals sodium current flowed throughout the pacemaking cycle ( Figure 2B current during the interspike interval represents a resurgent current in STN neurons were very similar to resurgent current in Purkinje neurons (Raman and Bean, steady-state persistent current, we compared the sodium current elicited by an action potential to that elic-1997, 2001 ). With repolarization to Ϫ40mV, where the magnitude was generally maximal, peak current was ited by the same waveform slowed down by a factor of 50 or 100. The membrane potential changed so slowly Ϫ348 Ϯ 337 pA, was reached 3.8 Ϯ 1.2 ms after repolarization, and decayed with a time constant of 18 Ϯ 6 ms. during this waveform that maximal fast inactivation should be reached at each voltage during the cycle, At Ϫ70mV, the magnitude was Ϫ133 Ϯ 84 pA, time to peak was 0.6 Ϯ 0.5 ms, and the decay time constant leaving only steady-state current. The voltage protocol ( Figure 3A) consisted of four spikes, the first pair on the was 6.8 Ϯ 8.4 ms (n ϭ 17, Figure 4A ). Figure 4B illustrates an experiment that distinguished natural time scale and the second pair on a time scale 100 times slower. The current elicited by the slowed resurgent current from tail current, which might flow through channels that do not inactivate completely durspikes had virtually identical magnitude and voltage dependence to that elicited by slow voltage ramps (20mV/s), ing a spike. We compared the TTX-sensitive sodium current elicited by the spike waveform ( Figure 4B , black the usual way of defining steady-state persistent sodium current ( Figure 3B ). trace) with that elicited by a hybrid step/waveform protocol in which the falling phase of the action potential was By plotting the current elicited by the slowed spikes on a 100-fold compressed time base, we could compare preceded by a 5 ms step to ϩ15mV, the peak of the action potential (blue trace). The 5 ms step produces steady-state persistent sodium current with additional components of sodium current that may depend on dymaximal inactivation and thus eliminates almost all tail current that might otherwise flow. Also plotted is the namic changes in voltage. The biggest difference was the large transient sodium current flowing during the steady-state persistent sodium current elicited by the 100-fold slowed spike waveforms (red trace). Inactivaupstroke of the action potential ( Figure 3C ). However, there was also a dynamic current during the repolarization is indeed incomplete at the peak of the natural spike ( Figures 2 and 4) , and significant tail current does flow tion and early interspike interval (five of five cells). This dynamic current is reminiscent of resurgent sodium curduring the early part of the repolarization. But by the time of the afterhyperpolarization, the total sodium current rent previously seen in cerebellar Purkinje neurons (Raman and Bean, 1997), which flows during repolarization elicited by the natural spike was comparable to the current elicited by the hybrid protocol, which had a clear following depolarizations that are long enough to produce fast inactivation and which appears to originate rising phase. Thus, the dynamic current flowing at the end of the action potential is almost entirely resurgent from sodium channels that recover from inactivation through the open state. Indeed, when we tested STN current. Resurgent current flows before persistent current has activated and continues well into the interspike neurons with suitable voltage protocols (e.g., Figure 4A cells tested. In these four cells, the spike frequency increased from 16 Ϯ 7 Hz to 25 Ϯ 7 Hz (p ϭ 0.14). In the three cells in which firing stopped, the cessation of Pacemaking of Intact STN Neurons These results show that pacemaking of dissociated STN firing was due to depolarization block, and firing could be recovered by injection of steady hyperpolarizing curneurons can be accounted for entirely by resurgent and persistent sodium currents flowing at subthreshold voltrent. When 10 M ZD7288 was applied, firing continued in six of seven neurons, without a change in average ages. In principle, I h might be more important in intact cells. Channels might be present at higher density in firing frequency (18.2 Ϯ 7.4 Hz in control, and 18.1 Ϯ 7.0 Hz with ZD7288). The cessation of firing in the redendrites than in the cell body (cf. Magee, 1999). Also, the longer interspike interval of intact neurons might maining cell was due to depolarization and reversed with steady hyperpolarizing current. These effects of allow more time for activation of I h , which would be faster at physiological temperatures. Therefore, we examined Cs ϩ or ZD7288 were opposite to those expected if I h served as a pacemaker current. The results suggest the role of I h in pacemaking of intact STN neurons at 35ЊC. significant nonspecific effects of ZD7288 as well as Cs ϩ , and we found that 10 m ZD7288 substantially inhibited Although I h was difficult to resolve in dissociated STN neurons, it was large in intact neurons ( Figure 5A , 15/ potassium currents activated by step depolarizations (data not shown).
cells), as previously reported (Beurrier et al., 2000). However, activation of I h required hyperpolarizations
The waveform of pacemaking reached less negative voltages in intact cells at 35ЊC (troughs of Ϫ65mV Ϯ negative to Ϫ70mV, while during pacemaking of STN neurons in brain slice at 35ЊC, the most negative voltage 5mV, n ϭ 41) than in dissociated cells at 23ЊC (Ϫ76mV Ϯ 6mV, n ϭ 50) and had narrower spikes (460 Ϯ 156 s, reached (the AHP following a spike) averaged Ϫ65mV Ϯ 5mV (n ϭ 41). It is therefore unlikely that there is signifin ϭ 41 versus 2.5 Ϯ 1.8 ms, n ϭ 50). To determine whether subthreshold sodium current was effectively cant dynamic activation of I h during the physiological pacemaking cycle, especially since activation occurred activated during the pacemaking cycle under physiological conditions, we used a segment of spontaneous acrelatively slowly, with a time constant of about 600 ms at Ϫ80mV (Figure 5A) .
tivity from an intact cell at 35ЊC as a voltage command eral seconds (e.g., Figures 1C and 7C ). When we released dissociated STN neurons from a 5 s hyperpolarization to between Ϫ80mV and Ϫ90mV, the pacemaking frequency was initially elevated by 47% Ϯ 13% and then relaxed to baseline in 4-9 s (n ϭ 8).
A number of ionic mechanisms might contribute to this regulation of firing frequency. Hyperpolarization would remove inactivation from T type calcium channels and activate I h . However, while these currents are well suited for rebound bursts of several hundred ms (Bevan et al., 2002a), they would decay in less than a second over the voltage range of pacemaking and cannot account for slower relaxations of firing frequency. Given the importance of resurgent and persistent sodium current in tonic firing, we asked whether regulation of these currents might be involved. Neither persistent current nor resurgent current should be reduced by normal fast inactivation of sodium channels, since persistent current flows when fast inactivation is at steady state, and resurgent current flows most effectively with an initial condition of complete fast inactivation (Raman and Bean, 2001 ). However, with maintained or repeated depolarization, a fraction of sodium channels in many neurons enter inactivation states from which recovery is much slower than for normal fast inactivation (reviewed by Vilin and Ruben, 2001). Slow inactivation of sodium channels tion of transient, resurgent, and persistent components of sodium current by long steady depolarizations. A 20 s depolarization to voltages from Ϫ90mV to Ϫ40mV was for dissociated cells studied at 35ЊC. This experiment followed by 100 ms at Ϫ90mV, to allow recovery from defines the kinetics of sodium current during the physiofast inactivation, then by a test sequence consisting of logical waveform at physiological temperature (Figure a 10 ms step to ϩ15mV, which elicits transient current 6). TTX-sensitive sodium current was substantial during (and also primes for resurgent current) and a 100 ms step the interspike interval, being Ϫ20 Ϯ 18 pA at Ϫ65mV, to Ϫ40mV, which elicits resurgent current. Persistent Ϫ23 Ϯ 17 pA at Ϫ60mV, and Ϫ77 Ϯ 30 pA at Ϫ50mV current can be measured as the steady-state current at (n ϭ 6). This interspike sodium current is larger than that the end of the step to Ϫ40mV. All three components of of dissociated neurons clamped with their own pacesodium current were highly susceptible to slow inactivamaking (Figure 2) , probably due to three factors: pacetion ( Figure 7B ). Slow inactivation appeared saturated making of cells in slice is slower, which might generate at Ϫ40mV, where transient, persistent, and resurgent a lower level of inactivation; has more depolarized AHPs, currents were reduced to 45 Ϯ 15, 32 Ϯ 37, and 29% Ϯ which would activate a larger and longer-lasting resur-20% of their control values, respectively (p ϭ 0.4, gent sodium current; and a more depolarized interspike Kruskal-Wallis H test, n ϭ 6; Figure 7B ). The steadyinterval, which would activate a greater amount of perstate voltage dependence of slow inactivation could be sistent current. These experiments are consistent with fit well by Boltzmann functions, with midpoints of subthreshold sodium current being the principal engine Ϫ62mV Ϯ 7mV, Ϫ59mV Ϯ 13mV, and Ϫ65mV Ϯ 7mV of pacemaking in intact STN neurons as well as dissoci-(p ϭ 0.6) for transient, persistent, and resurgent currents, ated neurons. and slope factors of 8mV Ϯ 4mV, 7mV Ϯ 5mV, and 6mV Ϯ 3mV (p ϭ 0.7).
Slow Inactivation of Pacemaking Sodium Currents
To ask if slow inactivation regulates pacemaking freAfter a hyperpolarizing current injection or a train of quency, we used as a voltage command the spontaneIPSPs that halts firing, STN neurons display a period of ous firing of a cell that was released from several seconds of hyperpolarization to Ϫ90mV (Figure 7C ). In this heightened firing (Bevan et al., 2002a ) that can last sev- Figure 7C , throughout the period of HFS. Three cells followed the stimulation faithfully and resumed pacemaking immedislow inactivation develops during spontaneous firing after release from hyperpolarization. After 9 s of spontaately afterward with little change in frequency (e.g., Figure 8A, top) . One cell followed HFS faithfully and reneous firing, transient current was reduced to 62% Ϯ 5%, persistent current to 77% Ϯ 8%, and resurgent sumed firing at a slowed rate that returned to control over several seconds. Three cells followed HFS partially current to 55% Ϯ 9% of their initial values (n ϭ 7). The development of slow inactivation accompanied the slow (firing on roughly 40% of the stimuli) and showed a short post-HFS period of silence (between 200 ms and several decline in firing frequency after the release from hyperpolarization. seconds) before resuming tonic firing that returned to the control rate over 2-10 s (e.g., Figure 8A , bottom). This result shows that even under basal conditions of spontaneous firing, slow inactivation of sodium chanThe three remaining cells stopped firing during stimulation and never recovered robust pacemaking afterward, nels is substantial and likely influences the frequency of pacemaking. We next explored higher rates of firing resting near Ϫ50mV and firing sporadic single spikes. Overall, these results suggest that, at the single-cell driven by exogenous stimulation. These experiments were also done at room temperature, since cell lifetime level, HFS induces changes in excitability that generally outlast the period of stimulation by only a few seconds. However, even in cells that fired on each stimulating pulse, the elicited spikes became progressively smaller and broader, showing a decrease in underlying excitability during the period of HFS.
B) Slow inactivation of transient current (circles, defined as peak minus steady-state current during the conditioning step to ϩ15mV), persistent current (squares, steady state during test step to Ϫ40mV minus baseline), and resurgent current (triangles, peak minus steady state during the test step). Mean conductances are plotted as a function of prepulse voltage and fit with Boltzmann functions, (1Ϫ P)/(1 ϩ exp(V Ϫ V h )/k) ϩ P, where V is the prepulse voltage, V h is the voltage of half inactivation, k is the slope factor, and P is the pedestal (n ϭ 6, error bars are SD). Boltzmann functions were fit to G-V relationships of transient, persistent, and resurgent for each cell, yielding mean voltages of half inactivation of
To examine how sodium current was affected by driven firing, we used the current-clamp recording from a typical cell stimulated at 75 Hz as a conditioning train to other neurons studied under voltage clamp and examined the effect on the various components of sodium current ( Figure 8B ). This conditioning train reduced transient, persistent, and resurgent sodium currents to 36% Ϯ 5%, 28% Ϯ 16%, and 37% Ϯ 13% of their control values, respectively (n ϭ 6). Recovery from these effects (at a holding potential of Ϫ80mV) occurred in a biphasic manner that was similar for the three components of current ( Figure 8C) . Each recovered to about 60%-80% of its control value over the first 20 s, followed by a smaller and slower component. The time to 65% recovery was 5 Ϯ 1, 7 Ϯ 4, and 5 Ϯ 3 s for transient, persistent, and resurgent sodium currents (n ϭ 6, Figure 8C ). We performed a separate series of experiments to assess recovery at Ϫ65mV (n ϭ 7) and found similar kinetics as at Ϫ80mV, suggesting little voltage dependence to recovery kinetics, similar to previous observations in hippocampal granule neurons (Ellerkmann et al., 2001 ). follow HFS faithfully, the average firing rate was generally higher than under basal conditions. Thus, depolarSlow inactivation of the resurgent and persistent sodium currents that drive pacemaking has a negative ization block of excitability during HFS was the exception rather than the rule in our reduced preparation. feedback effect: slower firing rates or hyperpolarization decrease the level of slow inactivation and upregulate Moreover, the slow inactivation induced by HFS was reversed by 60%-70% in a few seconds. This makes it the pacemaking sodium currents, while faster firing rates or depolarization decrease these currents. Regulaseem unlikely that tonic firing of STN neurons would be silenced for more than a few seconds following termination of transient sodium current by slow inactivation is probably less important to firing rate, since the safety tion of HFS, at least not from direct effects of HFS on sodium channels. Beurrier and colleagues (2001) found factor for spike formation is high (Madeja, 2000) but may also contribute somewhat by changing the threshold for that extracellular HFS at very high frequencies (Ͼ166 Hz) could produce long-lasting silencing of tonic firing spike firing.
Discussion
The steep-voltage dependence of slow inactivation is in brain slices; there could well be long-lasting effects within the STN of HFS applied in vivo or in brain slices positioned directly in the physiological operating range of STN neurons, with half-maximal voltages of Ϫ65mV that involve sodium channels less directly, including increases in extracellular potassium, release of modulato Ϫ59mV, typical of the interspike interval during pacemaking. STN neurons receive GABAergic afferents from tory neurotransmitters, or accumulation of intracellular calcium. the GPe, and the physiological reversal potential of the GABA A conductance is Ϫ79mV (Bevan et al., 2000) , Although slow inactivation of sodium currents is unlikely to outlast a period of HFS for more than several where removal of slow inactivation is nearly complete Figures 5 and 6 , we switched to a solution with 90 50-150 nl, Lumafluor, Naples, FL) were injected into the entopedun-M EGTA to better approximate physiological calcium buffering. cular nucleus, 2 mm posterior and 2.5 mm lateral to Bregma, 7 mm This solution (K-methanesulfonate solution) was 117 mM KCH 3 SO 3 , below the dura (using P10-P11 rats), and animals were used after 13.5 mM NaCl, 1.8 mM MgCl 2 , 0.09 mM EGTA, 9 mM HEPES, 14 3-8 days.
mM with an additional requirement in measuring recovery from slow was nulled, and series resistance, usually less than 10 M⍀, was inactivation that control resurgent current was Ͼ50 pA so that compensated 60%-95%. changes could be accurately measured.
Solutions and Pharmacology Data Analysis For combined current-clamp and voltage-clamp experiments, we
Signals were filtered at 10 kHz and sampled at 50 kHz or filtered at used a PO 4 -based internal solution, which gave lower and more 5 kHz and sampled at 10 kHz. Some traces were also digitally filtered stable access resistances than solutions using methanesulfonate.
for display. Data were acquired and analyzed with pClamp 8.0 (Axon This solution (K-phosphate solution) was 108 mM KH 2 PO 4 , 13.5 mM Instruments), Igor 3.14 (Wavemetrics, Lake Oswego, OR), DataAcNaCl, 1.8 mM MgCl 2 , 9 mM EGTA, 9 mM HEPES, 14 mM phosphocrecess (Bruxton Corporation, Seattle, WA), and Excel (Microsoft Coratine (Tris salt), 4 mM MgATP, 0.3 mM GTP (Tris salt) (pH 7.2 with poration, Seattle, WA). Statistics are presented as the mean Ϯ SD.
mM KOH). Pacemaking was not obviously different in several
Tests of statistical significance employed the Mann-Whitney U test, experiments using lower calcium buffering (0.09-0.9 mM EGTA).
the Wilcoxon matched pairs test, and the Kruskal-Wallis H test. Initial experiments on dissociated neurons used an external Tyrode's solution (2 Ca Tyrode's) consisting of 150 mM NaCl, 2.5 mM
